Using labeled transcripts generated in vitro from squid total genomic DNA as a probe, we isolated and characterized a SINE that is present In the squid genome. The squid SINE appears to be derived from a tRNALYS. When the consensus sequences offive different SINEs with a tRNALY-like structure from distantly related species, including squid, were aligned, we found in the tRNA-unrelated region two sequence motifs that were almost identical among these five SINEs. This observation suggests a common evolutionary origin for these SINEs and/or some function(s) for these motifs. Similar sequences were unexpectedly found to be present in sequences complementary to the US regions of several mammalian retroviruses whose primer is a tRNALys. On the basis of these findings, we present a model for the generation of SINEs. We propose that they are derived from a "strong-stop DNA" with a primer tRNALys that is an intermediate in the reverse tanmscription of certain retroviruses. Our model suggests that a certain group of SINEs may have been generated by horizontal transmission, although it is not clear whether information was transmitted via a similar retrovirus or via an RNA or DNA of a SINE.
a certain group of SINEs may have been generated by horizontal transmission, although it is not clear whether information was transmitted via a similar retrovirus or via an RNA or DNA of a SINE.
In higher eukaryotes, protein-coding genes constitute 10%o of the genome at most, and the remainder of the genome is composed of a variety of repetitive sequences. Repetitive sequences in eukaryotic genomes can be classified into two groups: tandemly repeated sequences and dispersed sequences (1) . The dispersed sequences can be further classified into two categories on the basis of size: long interspersed elements (LINEs), which include Li sequences, and short interspersed elements (SINEs), such as the primate Alu family and the rodent type 1 and type 2 families (2) .
Repetitive sequences can be classified in a different way, according to the mechanisms by which they are generated. Tandemly repeated sequences are generated by gene duplication at the DNA level (1, 3) , while in the case of dispersed elements another mechanism, known as retroposition, has been characterized. During retroposition, information in a cellular RNA transcript flows back into the genome via a complementary DNA intermediate (4, 5) .
Retroposon is the name given to a repetitive element that is amplified by retroposition (4) . Nonviral retroposons can be classified into three groups-processed retropseudogenes, SINEs, and LINEs (5) . In 1985, three laboratories, including ours, reported that mammalian SINEs, with the exception of the human Alu family (6, 7) , are derived from tRNAs (8) (9) (10) (11) (12) . At that time, SINEs were believed to be restricted to mam-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. mals, since none had been found in the genomes of birds or Drosophila (4, 5) . Recently, it has been shown that SINEs are widespread in the animal kingdom (for reviews, see refs. 13 and 14) and in plants (15, 16) . These findings indicate that retroposition by way of SINE amplification continuously generates genetic and structural variations in the genomes of many more animal and plant species than had previously been supposed. In general, SINEs are not simple tRNA pseudogenes but have a composite structure, consisting of a region homologous to a tRNA, a tRNA-unrelated region, and an A+T-rich region (13) . Previously, it was suggested that the tRNArelated region of several SINEs may have originated from tRNA itself, rather than from tDNA, because a CCA sequence, like that present at the 3' end of all mature tRNA species, is found in the tRNA-related region of these SINEs (13, 17) . This view contrasts with that of Deininger and Daniels (18) , who proposed that SINEs may have been generated from tDNAs that accumulated mutations that did not hinder the intrinsic functions of tRNAs. At present, however, the molecular mechanism by which the composite structure of SINEs has been generated during evolution remains unknown. In this paper, we present a possible model for the initial generation of SINEs. § RESULTS Transcription in vitro of total genomic DNA from squid resulted in production of a discrete transcript of about 250 nucleotides (Fig. 1, lane 1) . In view of the sensitivity of this transcription to a-amanitin, this RNA was concluded to be transcribed by RNA polymerase III (Fig. 1, lanes 2 and 3) . Using the transcript as a probe, we isolated six phage clones, localized the DNA loci that hybridized to the probe, and determined their sequences. Fig. 2 shows the alignment of these sequences and a consensus sequence, which is typical of a SINE sequence, composed of a tRNA-related region and a tRNA-unrelated region. The (Fig. 1, lanes 4-7) . The other two clones, N04 and N031, were not active as templates for transcription in vitro, a result that confirms the high sequence divergence among these clones.
A computer-assisted homology search revealed that the tRNA-related region of the SK family was most similar to tRNALYS from rabbit (19) (Fig. 3) . The extent of the similarities between the tRNA-related region of the SK family and the tRNALYs sequences from mammals and squid is about the same (Fig. 3) (Table 1) . Although they are similar to tRNALYs, it is sometimes very difficult to identify the actual parental tRNA species of several families of SINEs, because some tRNA sequences are very similar to one another and the consensus sequence of a repetitive family has often diverged far from the original tRNA sequence. In the case of the charr Fok I family, however, it seems likely that this family really is derived from tRNALYS, given its extensive similarity to this tRNA (79% homology, including the aminoacyl-stem region) (20) . Since the tRNAunrelated regions of the Fok I family and the salmon Sma I family are similar to each other, it also seems probable that the Sma I family is derived from a tRNALYS (20) . The tortoise Pol III/SINE resembles a tRNALYS and a tRNAThr to a similar extent, so the tRNA species that is the source of this SINE cannot yet be identified, even from an improved consensus sequence of this family (17) . The origin of the Galago type 2 family (25) was originally proposed to be tRNAMet (9), but careful reexamination of the similarities between the Galago type 2 family and tRNAs showed that it is more likely to have originated from tRNALYS (21) . As for the parental tRNA species ofthe rodent type 2Alu family (26) , two groups (8, 10) have shown that this family most closely resembles tRNALYS, whereas another group (9) has claimed that tRNASer is the most likely parental species. Three families-namely, salmonid Hpa 1 (20) , octopus OK (K.O., R.K., and N.O., unpub- c.. Fig. 4a . When at least four nucleotides are identical at the same position of the aligned sequences, they are highlighted in black. Of 78 positions in the tRNALYs-related region, 39 positions are highlighted in this way. To our surprise, we found that in the tRNALYs-unrelated region, the two sequence motifs GATCTG and TGG, at a distance of 10-11 nucleotides, were highly conserved. Although two mismatches and one deletion are present in the Fok I and in the Sma I sequences, respectively, the complete sequences of these motifs are present in the SINEs from squid, rodent, and tortoise. These results provide convincing evidence that the similarities are significant. A Possible Model for the Initial Generation of tRNA-Derived SINEs. It is possible that the two conserved sequences GATCTG and TGG have functions that led to their generation by convergent evolution. It is also possible, however, that these motifs were generated from a common evolutionary ancestor and have a function that has led to their conservation during evolution.
Unexpectedly, sequences similar to these motifs were detected in sequences complementary to the U5 regions of several mammalian retroviruses [SRV-1 (27) , SRV-2 (28), MPMV (29) , MMTV (30) , HIV-1 (31), SIVcpz (32), EIAV (33), BIV127 (34) , SA-OMVV (35) ], and these sequences were located at distances from the respective primer-binding sites similar to the distance between the 3' end of the tRNA-related region and these two motifs in the SINEs (Fig.  4b ). All these retroviruses are presumed to use tRNALYS as a primer tRNA during reverse transcription because of the presence of a sequence complementary to tRNALYs at their respective primer-binding sites.
In our model for the initial generation of SINEs (Fig. 5) , the 3'-terminal sequence of a tRNALYS (15) (16) (17) (18) (36) , and Okada and coworkers (13, 17) discussed such a mechanism subsequently. The model presented here has been briefly described elsewhere (37) . When Saigo's model was proposed in 1986, it appeared to be very difficult to detect any similarities between SINEs and U5 regions of retroviruses, since the evolutionary rate of mutation ofgenes in retroviruses is 106 times higher than that of nuclear genes (38) . We suspected at that time that no similarities would remain, even if the model were correct. However, the present study has revealed sequence similarities between SINEs and retroviruses. Nonetheless, such similarities may not be extensive enough to convince us ofan evolutionary relationship. Ifwe could isolate a pair consisting of a new animal or plant SINE and a new retrovirus in which the sequences of the regions mentioned in this study were much more similar to one another, we would be more confident of the validity of our model.
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LGGGATCTC----
LGGGATCTC----,AACAGACAAAC-- Our model appears to support our original notion that the five families of SINEs described above, which include the rodent type 2, may have been derived from tRNALYS [the progenitor of the rodent type 2 Alu family was proposed to be tRNASer by Daniels and Deininger (9), see above].
With regard to the origin of SINEs, tRNALYS appears to be the most frequent progenitor of SINEs (13, 14) . If this preponderance reflects the relative proportion ofretroviruses that use tRNALYs as a primer among all retroviruses, it can be concluded that such retroviruses are abundant in the biological world. If retroviruses that use tRNALYS were selectively utilized in the origination of SINEs, it is likely that the sequences of SINEs with a tRNALYs-like structure have some function(s) and may confer some selective advantage on the respective hosts (21) . If all retroviruses have the potential to generate a SINE from a strong-stop DNA, we should be able to find many kinds of SINE with a variety of tRNA-like structures that correspond to the variety ofprimer tRNA species used by many kinds of retrovirus in the animal kingdom. As shown in Table 1 , the second most abundant SINEs are those with a tRNAALlike structure, and the third are those with a tRNAGlY-like structure. We have tentatively designated these groups as superfamilies, hoping to find homologous retroviruses with the respective primer tRNAs in the future.
On the Possible Generation of SINEs by Horizontal Transmission. Our model also suggests that SINEs in distantly related species may have been generated by horizontal transmission. With respect to the question of how several SINEs in distant species happen to have similar sequences, there are two possible answers. One possibility is that a similar retrovirus infected distantly related organisms, such as rodents and squid, during a very short evolutionary time period and that the strong-stop DNA with a primer tRNA gave rise independently to the respective SINE within each organism. Phylogenetic analysis of retrons (39) , based on their reverse transcriptases, has revealed the presence of related retrotransposable elements in very different taxa, and it has been proposed that the retrotransposons have spread horizontally (40, 41) . In the case of the plant copia-like retrotransposons, more concrete evidence for horizontal transmission has been presented recently (42 
